The Minute Virus of Mice NS2 proteins are not essential for productive infection of embryonic murine cells in utero  by Tal, Saar et al.
The Minute Virus of Mice NS2 proteins are not essential for productive
infection of embryonic murine cells in utero
Saar Tal a, Michal Mincberg a, Irina Rostovsky a, Jean Rommelaere b, Nathali Salome b,
Claytus Davis a,n
a Department of Microbiology, Immunology and Genetics, Faculty of Health Sciences, Ben Gurion University of the Negev, Beer Sheva, Israel
b Division ofTumor Virology, Deutsches Krebsforschungszentrum, Heidelberg, Germany
a r t i c l e i n f o
Article history:
Received 6 May 2014
Returned to author for revisions
5 June 2014
Accepted 29 August 2014
Available online 11 October 2014
Keywords:
Parvovirus
Minute Virus of Mice
Virus – host cell interaction
Viral gene function
Congenital infection
NS2
a b s t r a c t
The P4 promoter of the autonomous parvovirus Minute Virus of Mice (MVM) drives the production of its
non-structural proteins, NS1 and NS2. The NS2 isoforms are without enzymatic activity but interact with
cellular proteins. While NS2 is crucial to the viral life cycle in cultured murine cells, NS2-null mutant
virus productively infects transformed host cells of other species. In the mouse, sensitivity to MVM
infection is age dependent, exhibiting limited subclinical infections in adults, but sustained and
potentially lethal infection in embryos. We therefore questioned whether the species-dependent
requirement for NS2 function in vitro would be retained in utero. We report here that it is not. NS2-
null mutant MVMp is capable of mounting a productive, albeit much reduced, infection of normal
embryonic mouse cells in vivo. Based on the data, we hypothesize that NS2 may bear an as-yet
undescribed immunosuppressive function.
& 2014 Elsevier Inc. All rights reserved.
Introduction
The Parvoviridae are all the small, isometric, non-enveloped
DNA viruses that contain linear single-stranded DNA genomes of
4000–6000 nt inside icosahedral capsids. Their genomes termi-
nate in palindromic sequences that can base-pair to form hairpins
or other complex forms. These are essential for replication and are
the hallmark of the family. The parvovirus subfamily contains the
autonomous, vertebrate-speciﬁc viruses and includes the proto-
typic group member, Minute Virus of Mice (MVM) (Crawford,
1966; Kerr and Boschetti, 2006). Among the MVM variants, two,
MVMm and MVMc, are common pathogens in mouse animal
colonies (Besselsen et al., 2006). Two others – the ﬁbrotropic
(MVMp) and the lymphotropic (MVMi) – are the most commonly
studied parvoviruses in a research setting (Bonnard et al., 1976;
Crawford, 1966; McMaster et al., 1981).
The MVM genome contains two promoters, at map units 4 and
38, driving the expression of overlapping and alternatively spliced
RNAs that encode the two major non-structural proteins, NS1 and
NS2 (P4), and capsid proteins, VP1 and VP2 (P38). With their
minimalist approach, all family members are tightly tuned to the
host cell and the natural execution of its functions. None is able to
push the cell cycle and each relies almost entirely on the normal
host replication machinery (e.g. Deleu et al., 1999). Integration of
virus replication into the host machinery is largely executed by the
viral non-structural protein 1 (NS1), a pleiotropic 83 kDa (672
amino acid) nuclear phosphoprotein that binds to the viral DNA
with sequence speciﬁcity. It has ATPase, helicase, nickase, and site-
speciﬁc endonuclease activities (Cotmore and Tattersall, 1995), and
a Mgþ þ binding site (Astell et al., 1987; Cotmore and Tattersall,
1986; Jindal et al., 1994). On the other side of the lifecycle, binding
and delivery of the viral genome through the cell and nuclear
membranes and into the nucleus are mediated by the VP proteins
which exhibit a strikingly diverse set of functions (e.g. Lombardo
et al., 2002; Mani et al., 2006; Maroto et al., 2004; Nam et al.,
2006).
This leaves NS2. The NS2 protein has three isoforms NS2-P,
NS2-Y, and NS2-L, derived from alternative splicing events
(Cotmore and Tattersall, 1990) and having identical N-termini
but different carboxy ends. They have no known enzymatic
activities but are known to interact with a variety of cellular
proteins, including members of the 14-3-3 family, SMN, and CRM1
(Bodendorf et al., 1999; Brockhaus et al., 1996; Young et al., 2002;
Young et al., 2005). In the setting of its normal cultured murine
host cells, NS2 is needed for genome replication (Choi et al., 2005;
Naeger et al., 1990) and expression (Mincberg, 2008; Naeger et al.,
1993), accumulation of NS1 (Naeger et al., 1990), capsid assembly
(Cotmore et al., 1997), and production and nuclear egress of
infectious particles (Eichwald et al., 2002; Engelsma et al., 2008;
Miller and Pintel, 2002; Naeger et al., 1990). Given this range of
interactions and roles, it is not surprising that NS2 is crucial for
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viral reproduction in murine cells (Brownstein et al., 1992; Cater
and Pintel, 1992; Naeger et al., 1990; Naeger et al., 1993). And it is
surprising that NS2 is not needed for productive infection in
transformed host cells of other species (Cater and Pintel, 1992;
Naeger et al., 1990) although, even in other species, its loss can
certainly reduce propagation of progeny virions (Cotmore et al.,
1997).
Although the two research strains of the virus, MVMp and
MVMi, display limited and subclinical infections in adult mice
in vivo, MVMi infection of neonates can be lethal (Kimsey et al.,
1986) and we showed that both mounted productive, sustained
and occasionally lethal infections in embryos inoculated during
the second trimester in utero (Itah et al., 2004b). It was therefore a
natural extension of the curious species-dependent requirement
for NS2 to question whether the restriction observed in vitro
would be retained in utero. We report here that it is not. NS2-null
mutant MVMp is capable of mounting a productive, albeit much
reduced, infection of normal mid-trimester mouse embryos
in utero.
Results
Pattern of MVMp-NS2null infection in developing mouse embryos
Our initial approach to characterizing a requirement for NS2
activity during infection in utero was to repeat with the mutant
virus a time course infection study (Itah et al., 2004b). 5105 pfu
of MVMp-NS2null virus or MVMp-wt virus were injected into 13.5
dpc C57BL/6 embryos. After a further 24, 48, 72, or 96 h gestation,
embryos were removed and processed for immunohistochemistry.
At least 3 injected embryos and 2 non-injected littermates from
each time point were serially sectioned and the distribution of
viral capsid was determined using an anti-capsid primary
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Fig. 1. MVMp-NS2null infection in C57BL/6 embryos. C57BL/6 embryos were inoculated with 5105 pfu of MVMp-NS2null or MVMp-wt at 13.5 dpc by injection in utero
(Materials and methods). Gestation was left to continue for another 24, 48, 72, or 96 h. Embryos were collected, sectioned and subjected to immunohistochemistry using a
polyclonal anti-MVMp capsid primary antibody and Cy3-labeled secondary antibody (Materials and methods). Viral coat protein distribution is shown in image pairs (A–H):
immunoﬂuorescence (left) and DIC (right). Two representative tissues showing widespread infection, dermis (A, C, E, G) and lung (B, D, F, H), were selected for illustration.
Panels are 48 h post-inoculation (A–D) or 72 h post-inoculation (E–H). Inoculum was either wild type MVMp (A, B, E, F) or NS2 null mutant virus (C, D, G, H). (I) Tropism of
MVMp-NS2null virus vs. MVMp wt virus. Host cell types were determined by histology and immunohistochemistry at 24, 48, 72, and 96 h post-infection.
Fib – ﬁbroblasts, and Epi – epithelia.
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antibody. Characteristic signal patterns and intensities are shown
in Fig. 1. The combined host cell type results were compiled and
compared (Fig 1H).
Like the parental MVMp, sparsely distributed signal was
observed by 24 h. Over the next three days, the extent of infection
increased, but was at all times less in extent and intensity than
wildtype MVMp infection in C57BL/6 embryos. None of the
uninjected littermate embryos exhibited signal. These results
provided an initial indication that NS2 activity is not essential
for productive infection of the mouse embryo.
With respect to host cell type speciﬁcity, those cell types most
frequently infected by the wildtype virus, ﬁbroblasts, epithelia,
and mesothelia, were also infected by the NS2-null mutant. Some
cell types less frequently infected by wildtype MVMp were not
observed to stain in the NS2-null mutant infected embryos
(Fig. 1H). However, MVMp-NS2null did sporadically infect
endothelium, a cell type that the parental MVMp was never
observed to infect, but one which the related MVMi regularly did.
Viral NS1 protein production in infected embryos
Given the discrepancy between the literature and our in utero
results concerning NS2, corroborating evidence of productive
infection of the NS2-null mutant was needed, especially since
the viral element being detected, capsid, was present in the
inoculum. We therefore collected NS2-null infected embryos and
littermates as described above and looked for the presence of NS1,
the non-structural protein known to be essential for productive
infection, by Western analysis. A total of four different MVMP-
NS2null-injected and two contra-lateral embryo lysates were used
for each time point (0 h, 24 h, 48 h, 72 h and 96 h). As a positive
control we used lysate from an MVMp w.t.-infected embryo at
96 h and as a negative control an uninfected embryo of the same
gestational age. We detected increasing levels of viral NS1 protein
in all injected and incubated embryos (Fig. 2). As expected,
uninfected embryos did not show signal. The weak signal at time
0, before there is any chance of translation of viral product by the
host, is most likely due to the frequent tethering of a single NS1
molecule to the 30 termini of encapsidated genomes (Cotmore and
Tattersall, 1989). This result indicates that MVMp-NS2null is at
least able to complete formation of the viral RF genome and to
transcribe it in the developing mouse embryo.
Viral quantitation by qPCR in MVMp-NS2null infected embryos
To quantitate NS2-null viral infection in developing mouse
embryos total DNA samples from embryos infected as above were
prepared and viral genome copy number was measured by qPCR
and normalized to host genome copy number, similarly deter-
mined. Untreated embryos from the same incubational period
were used as negative controls. The results (Fig. 3) show small but
increasing viral burdens starting at 24 h post-infection. The small
signal observed at time 0 probably represents the incoming viral
genomes in the inoculum. The virus levels in the NS2-null mutant
infections were lower than observed for w.t. MVM by a factor
of 30.
Production of infectious virions in MVMp-NS2null infected embryos
The above results could possibly be explained by postulating that
the NS2-null virus is able to infect embryonic cells and then over the
course of the continued gestation drive the accumulation of viral
products in those initially infected cells, without fully completing the
viral lifecycle. Indeed, MVMp-NS2null virus is able to advance part
way through its life cycle in murine cells in vitro, at least accumulating
replicative double-stranded DNA genomes, albeit at much reduced
rates (Cotmore et al., 1997). To show that MVMp-NS2null fully
completes the viral life cycle and produces infectious virions in the
embryo, we used embryo homogenates prepared 24, 72, and 96 h
after inoculation to infect NBK cells (5 μl/well in 24 wells plate), a
human transformed host cell type that is productively infected by
NS2-null MVMp and A9 cells, murine ﬁbroblasts that absolutely
require NS2 activity for productive infection. The cultures were
inspected and photographed 3 and 7 days post-infection. At 7 DPI, a
distinct cytopathic effect was observed in NBK cells treated with the
extracts from embryos inoculated 96 h earlier with either w.t. or
MVMp-NS2null virus, indicating a progressive infection. This effect
was much reduced in cells infected with 24 h extract and absent in
negative control cultures. As expected, A9 cells exhibited no cytopathic
effect after treatment with the 96 h extract from embryos inoculated
with MVMp-NS2null virus but a clear cytopathic effect when treated
with extracts from embryos infected with wild type MVMp (Fig. 4).
We estimated the extent of infectious virion production during
incubation in utero by end-point dilution assay. The MVMp-
NS2null stock and 96 h infected embryo homogenates were
serially diluted and used to infect NBK cells in triplicate. Total
infectious particle yield in the embryo was estimated to be
1.6108 pfu. Since the initial inoculum contained 5105 pfu of
NS2null virus, the 96 h incubation was accompanied by an
approximately 300-fold increase in infectious particles.
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Fig. 2. MVMp-NS2null NS1 protein expression. C57BL/6 embryos were inoculated
with 5105 pfu of MVMp-NS2null or MVMp wildtype at 13.5 dpc. Embryos were
collected immediately (t¼0) or gestation was left to continue for the times shown
(t¼24, 48, 72, 96 h). Embryos were collected, homogenized, and equal amounts of
proteins subjected to PAGE. Viral NS1 proteins were detected by Western analysis
(Materials and methods). h.p.i – hours post-infection, and N.C. – negative control
uninfected cells.
Fig. 3. Viral DNA burden in MVMp-NS2null infected embryos. C57BL/6 embryos
were inoculated with virus and homogenates prepared 24, 48, 72 and 96 h post-
inoculation as described. Genomic DNA was prepared and subjected to qPCR using
primers amplifying a fragment of the mouse genome and primers amplifying a
fragment of the MVM viral genome (Materials and methods). At least 4 embryos/
time point were analyzed. Viral levels were normalized to mouse genome levels to
give an approximate estimate of viral genomes/haploid host genome. Solid bars –
NS2-null, Hatched bar – MVMp wildtype. Hash marks on the Y-axis and MVMp wt
bar indicate a depicted jump in the scale. Error bars are Standard Error of Mean.
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The NS2-null mutation is stable over the embryonic infection course
One ﬁnal confounding scenario to consider was the possibility that,
while the inoculum consisted of NS2null mutant virus, during the
course of a non-productive infection, the engineered mutation
reverted to wildtype; and that this, not the original mutant was
responsible for our results. Infection was limited to 96 h; nonetheless,
parvoviral mutation rates could be strikingly high, more similar to
retrovirus than other DNA viruses (Shackelton and Holmes, 2006).
To rule out the possibility of reversion during the infection, the region
covering the engineered NS2null mutation was ampliﬁed by PCR from
96 h embryo lysates, sequenced, and then compared to the w.t.
genome. The automated sequencer base calling indicated that the
mutation had been retained and visual inspection of the raw electro-
pherograms did not reveal any evidence of sequence heterogeneity in
the region. We conclude that the infection data obtained was due to
activity of the mutant virus alone.
Discussion
Our data indicate that NS2 function is not absolutely essential
for replication of MVM in murine host cells. Given the published
literature, this is somewhat surprising, but, we suggest, not
completely unexpected.
The function of the parvovirus NS2 protein during the viral
lifecycle has always had an enigmatic aspect. On one hand, the
abundance of identiﬁed interactions and the typically deleterious
consequences of ablating NS2 activity indicate that the proteins
play one or more vital roles, although the only mechanistic
pathway traced between an interaction and the normal events of
viral replication is the NS2/Crm1 interaction and virion nuclear
egress (Eichwald et al., 2002; Miller and Pintel, 2002). However
there must be additional functions. In murine A9 ﬁbroblasts,
NS2null mutant virus fails to produce any single-stranded viral
genomes. Yet in at least some cells in culture that are not derived
from its normal host species, the functionally deﬁcient virus
produces single-stranded genome and is able to complete its
lifecycle but with a much delayed virion release (Cotmore et al.,
1997). Similarly, we (Eichwald and Salome, unpublished) observed
that infection of human 293 T cells with NS2null mutant virus
yielded relatively small plaques, a result that also suggests ﬂawed
virion propagation.
The infection in vivo provides grounds for some hypothesizing.
First, the data show that, although NS2 is not essential for replication,
it is still important. In all of our assays, infection parameters were
greatly diminished with the mutant virus. This is consistent with
infection studies in other experimental settings. The reduction in viral
burden in most cell types in which NS2 is not essential is so severe
that the infection can almost be considered accidental. For instance, if
we accept a central role for NS2 in propagation of infectious particles
(e.g. Cotmore et al., 1997), then we can view the resulting infectious
virion production during an NS2-null infection of human NBK cells as
chance release—an accidental byproduct resulting from an abundance
of primary reactants.
Nonetheless, in the complete absence of NS2, production, albeit
much reduced, does occur in some systems, but not in others. One
possibility is that these productive cells are providing the virus
with some helper activity that circumvents the need for an NS2
mediated function. Alternatively, we suggest that the difference
can be accounted for by assigning another, independent function
to NS2—not unlikely given the number of variants and the multi-
ple identiﬁed independent interactions with host cell factors. If
this function is mediated through interaction with a host factor,
then there are two possibilities—that the interaction promotes
completion of part of the viral life cycle, or that the interaction
alleviates a cellular block to viral replication. There is little reason
to favor one over the other, although our in utero data tilts towards
the latter. The innate immune system that drives anti-viral
responses is underdeveloped in the embryo (e.g. Marodi, 2006).
It would not be surprising that the virus is better able to replicate
when missing a component that inhibits an inhibitor—if the
inhibitor itself is missing from the cell. Currently we suspect that
this is one of the reasons that the wildtype virus is able to mount a
much more aggressive infection in the embryo than in neonates or
adults. Searching for interaction between NS2 and the cellular
antiviral machinery may be rewarding.
Materials and methods
Cells
A9 – A subline of mouse ﬁbroblast L-cells (Littleﬁeld, 1964).
NBK – A SV40 transformed newborn human kidney cells (Shein
and Enders, 1962). Cells were grown at 37 1C, 5% CO2 in DMEM
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Fig. 4. Cytotoxic effect of NS2null injected embryo homogenates on NBK cells. C57BL/6 embryos were inoculated with 5105 pfu of MVMp-NS2null or MVMp wildtype (wt)
at 13.5 dpc and homogenates prepared at 24 or 96 h post-inoculation as described. Cleared homogenates from inoculated embryos were used to infect mid-log phase NBK or
A9 cells. The cells were inspected daily and photographed 6 days post-infection. Negative control (uninfected) NBK and A9 cells were treated with PBS.
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with 5% fetal bovine serum (FBS), 0.8% Penicillin (10,000 μ/ml)/
Streptomycin(10 mg/ml), and 2% Glutamine.
Virus
MVMp-wt
Wild-type MVMp double-stranded DNA was excised from
pMM984 (Merchlinsky et al., 1983) and cloned into a high copy
number plasmid vector, pGEM-T, and grown in Escherichia coli
SureII host cells. MVMp-wt virion was prepared by transfection of
A9 cells with the infectious plasmid.
Construction of MVMp-NS2null
MVMp-NS2null was constructed by introducing multiple
single-nucleotide mutations centered on the large splice acceptor
site of the MVMp genome. The dimer bridge MVMp-bearing
plasmid pdBMVp (Kestler et al., 1999) was used as a backbone.
Mutations were introduced into the sequence using a PCR-based
strategy. Primers capable of annealing but bearing the desired
sequence changes were annealed to the pdBMVp template. Sub-
sequent PCR reactions introduced changes into the ampliﬁed
vector DNA. The ﬁnal infectious MVMp-NS2null-bearing plasmid
replaced nt 1988–1994 (Genbank Accession J02275) of the MVMp
sequence, AGGTTCG, with CGGTAGC. The modiﬁcations were
conﬁrmed by sequencing. This complex mutation is the same as
was described by Cotmore et al. (1997) who showed it to be
resistant to reversion compared to single point mutations.
Embryo inoculation in utero
Virus diluted in sterile saline was injected into the liver of
second trimester mouse embryos in utero as described previously
(Itah et al., 2004a), with the exception that a pulled glass capillary
needle and syringe pump were used instead of the Hamilton
syringe for injection.
Embryo dissection and sample preparation
At chosen times post-infection, dams were killed and embryos
with placentae were removed into cold physiological saline. Only
live embryos exhibiting normal morphology were used for sub-
sequent analysis. Embryos for Western and qPCR analyses were
homogenized in 10 ml of cold physiological saline and the homo-
genates stored at 20 1C until analysis.
Histology and immunohistochemistry
Embryos were processed for cryosectioning and antibody
incubation as described previously (Itah et al., 2004b) but with
the addition of an initial 4% PFA, microwave-enhanced ﬁxation
(Kahveci et al., 1997) and equilibration in 15% sucrose before
freezing.
Quantitative real time PCR
DNA was extracted from whole embryo homogenates using
a standard SDS-Proteinase K-phenol extraction protocol (Maniatis
et al., 1982). Diluted samples were subjected to quantitative realtime
PCR (MyiQ, BioRad) using a Sybr Green I-containing reaction mix
( Sybr Fast, Kappa Biosystems) and the manufacturers' protocols. PCR
primer pairs were as follows: VF 50 AAATACTCCTGTTGCGGGCACTGC
and VR 50 CGTCAGATGGATTGGTTGGTTCTCC amplify a 371 bp frag-
ment of the MVM viral genome, HF 50 TTCCCCTGTTCTCCCATTT-
TACTCG and HR 50 TCTTTGGACCCGCCTCATTTTTG amplify a 241 bp
fragment of the host genome located in the GAPDH gene. Cycle
efﬁciencies were calculated from dilution standards with each run
and ampliﬁcation integrity conﬁrmed by melt curve analysis. Starting
signal was derived from Ct crossing number using the Pfafﬂe
formulation (Pfafﬂ, 2001) excluding the fold-induction ﬁnal step.
Western analysis
Proteins were prepared from embryo homogenates by TCA
precipitation and then resuspended in cracking buffer (8 M Urea,
10 mM NaPO4, 1% βmercapoethanol, 1% SDS). Following addition of
sample buffer, samples were heated for 5 min at 95 1C, centri-
fuged, and equal quantities of soluble proteins were fractionated
by 10% SDS-polyacrylamide gel electrophoresis. Proteins were
blotted onto nitrocellulose membrane (Amersham), which was
then blocked with 1X TBST containing 10% Skim milk powder
(FLUKA) and 0.2% Tween 20 for 1 h. For detection of viral protein
production, a primary monoclonal antibody recognizing NS1
(CE10, gift from C. Astell), a secondary polyclonal antibody
(peroxidase-conjugated Anti-Mouse IgG(HþL), Jackson ImmunoR-
esearch), and a chemiluminescence kit (SuperSignal West Pico
Chemiluminescent Substrate, Thermo) were used in a standard
Western procedure using the manufacturers' recommendations.
Cytopathic effect assays
Cleared homogenates from three different infected and unin-
fected embryos, and stock virus were used to infect log-phase A9
and NBK cells. Cells were grown in 12-well micro-titer plates and
representative images were collected at 0, 1, 2, 5, and 6 days post-
infection from each sample for imaging experiments. For virus
quantitation, virus stock or extracts were serially diluted 10-fold
and used to infect in triplicate NBK cells grown in 96 well plates.
The cells were observed for each of six days after infection.
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